I. Nomenclature CFD = Computational Fluid Dynamics RBD = Rigid Body Dynamics RANS = Reynolds Average Navier-Stokes
II. Introduction
N , the trajectory model for a low subsonic fin-stabilized projectile at low angle of attack is typically a point-mass model [1] , taking only gravity and a constant zero yaw drag coefficient into account. This choice can be qualitatively justified for applications with short ranges and/or limited calculation resources. The disadvantage of this approach is the lack of prediction on the precision and the attitude of the projectile when hitting the target, because of a possible instability in flight. However, the use of non-lethal or less-lethal projectiles requires that the impact conditions are met, otherwise more serious injuries may occur. Therefore, the consideration of all forces and moments acting on the projectile in flight is mandatory to predict static and dynamic stability [2] [3] [4] [5] [6] [7] , already in the body shape design as well as in the controller design process.
Until now, many efforts have been completed in steady and unsteady CFD methods to obtain a complete set of aerodynamic coefficients for gyroscopic and fin-stabilized projectiles in all flight regimes, from subsonic to supersonic speeds [8] [9] [10] [11] [12] [13] . The first accurate results for fin-stabilized projectiles with relatively cost-effective steady-state methods were obtained in the supersonic regime, except for the pitch-damping coefficient who requires in some cases time-accurate solutions [14] [15] [16] [17] [18] [19] . For the subsonic regimes, pure steady-state simulations showed less reliability in most of the configurations and the use of time-accurate techniques for all dynamic derivatives still seems unavoidable. When computing resources are available, the recent coupling between CFD and Rigid Body Dynamics (RBD) now makes it possible to calculate accurately both static and dynamic derivatives by means of a single simulation, all flight regimes combined [20] [21] [22] [23] [24] . This paper will use an uncoupled method to determine the coefficients of interest with focus on very low subsonic regimes, for specific types of fin-stabilized applications, like non-lethal projectiles or short-range mortars. Indeed, the absence of shocks does not imply the absence of complexity in terms of numerical solution and viscous flow since laminar to turbulent transition and flow induced as well as wall induced separation occur in the boundary layer. Experimental data will be collected in parallel to consolidate the aerodynamic predictions.
III. Methodology

A. Computational Approach
A first CFD methodology validation will be done starting from available results on a 83 mm caliber body-fin configuration at Mach 0.65 for a moderate range of angles of attack [25] . The different static coefficients (drag, lift and pitch) will be compared using steady RANS-simulation with two different low-order turbulence models including transition (k-ke-and SST k-and ) [26] [27] [28] [29] [30] [31] . A methodology to capture the pitch-damping coefficient will also be presented in order to check if the desired terminal position at the target can be guaranteed in the development phase of ulterior finned-stabilized projectiles. The main part of the study will focus on very low subsonic velocities, between 0.1 Mach and 0.4 Mach, to analyze more deeply the viscous effect on the profiles. A typical non-lethal fin-stabilized 12-gauge geometry will be used, with and without a fin cant angle of 10 degrees. In those configurations, the body of the projectile is wider than the wingspan, which necessarily influences the role of the fins. Again, the static coefficients will be calculated with the method used above as well as the dynamic stability by means of the pitch-damping coefficient. Detailed investigations will be conducted to assess modeling sensitivities (including a grid sensitivity study) [32] and limitations at low velocity regarding the numerical and aerodynamic parameters.
The mesh used for the steady and unsteady RANS simulations of the full projectile in free-air consists typically of 2 million elements with a prismatic boundary layer mesh comprising 10 layers resulting in an average value for y+ of one Fig. 2 12-GAUGE finned projectile with and without a 10°cant angle. along the adiabatic no-slip walls. The domain extends to 20 projectile-lengths where pressure-far-field conditions are applied together with the desired angle of attack.
Also, advantage will be taken of the boundary layer analysis at different angles of attack to advise some parametric considerations for the geometry of such projectiles in order to improve their flight (cone angle, fin length and position, . . . ).
B. Experimental Approach
By means of an aerodynamic force balance, the three static coefficients (drag, lift and pitch) will be measured for the axisymmetric configuration in a low turbulence wind tunnel going up to 0.1 Mach. In a parallel way, two different visualizations of the boundary layer will be made in order to validate the CFD predictions. In the first one, an infrared thermography [33, 34] will be used to assess the state of the boundary layer. In the second one, the projectile will be coated with a proprietary oils and pigments mixture for surface flow visualizations. Since it is impossible to increase the Mach number in the wind tunnel, the effect of the Reynolds number will be observed by adapting the dimensions of the projectile.
C. Effectiveness Analysis
At the end of this study, the parametric considerations of section II.A. will be used to develop different improved geometries of projectiles that will be fired at ranges up to 100 m. An appropriate 6-DOF model will be implemented with the different coefficients discussed above as inputs, to evaluate the variations in terms of computed trajectories. The purpose of this step is to highlight the advantages and limitations of the Point Mass Model, in comparison with a more complete model who considers the attitude of the projectile.
IV. Preliminary Results
Simulations on the 83 mm caliber body-fin configuration at 0.65 Mach [25] with a 3 equation SST k-and γ model were already performed with ANSYS Fluent R19.0. Good agreement for angles of attack smaller than 5 degrees were founded. At higher angles of attack, the results are less accurate and request a more detailed analysis of the boundary layer, with the idea of refining the mesh in some critical places where cross-flow becomes significant and optimize the model parameters to yield a better modeling of the complex viscous effects. 
